A model of magnetoreception [1] proposes that the avian magnetic compass is based on a radical pair mechanism, with photon absorption leading to the formation of radical pairs. Analyzing the predicted light dependency by testing migratory birds under monochromatic lights, we found that the responses of birds change with increasing intensity [2] . The analysis of the orientation of European robins under 502 nm turquoise light revealed two types of responses depending on light intensity: under a quantal flux of 8·10 15 quanta m −2 s −1 , the birds showed normal migratory orientation in spring as well as in autumn, relying on their inclination compass [3] . Under brighter light of 54·10 15 quanta m −2 s −1 , however, they showed a "fixed" tendency toward north that did not undergo the seasonal change and proved to be based on magnetic polarity, not involving the inclination compass. When birds were exposed to a weak oscillating field, which specifically interferes with radical pair processes [4], the inclination compass response was disrupted, whereas the response to magnetic polarity remained unaffected. These findings indicate that the normal inclination compass used for migratory orientation is based on a radical-pair mechanism, whereas the fixed direction represents a novel type of light-dependent orientation based on a mechanism of a different nature. 
triplets depending on the alignment of the respective molecules in the ambient magnetic field (for details, see [1] ). This mechanism would provide axial rather than polar information, which is in accordance with the functional mode of the avian inclination compass [3, 6] .
Strong support for the involvement of a radical pair mechanism in the avian magnetic compass comes from the recent demonstration of the disruptive effect of high-frequency fields [4, 7] . Adding a weak oscillating field in the MHz range to the geomagnetic field is a diagnostic tool for identifying the nature of the underlying mechanism, as it is expected to interfere with orientation only if this orientation is based on radical pair processes [1] , while magnetite-based mechanisms, for example, remain unaffected. At the same time, the effect should depend on the alignment of the high-frequency field with the static geomagnetic field (see [4] for details). In tests with migratory robins, weak oscillating fields resulted in disorientation when they were presented at an angle to the magnetic vector, while the same fields did not disrupt orientation when presented parallel [4, 7] . These results point out the highly specific nature of the effect and clearly indicate the involvement of a radical pair mechanism in the avian magnetic compass.
The radical pair model assumes photon absorption as initial step of the processes forming the radical pairs, which would make magnetoreception light dependent. This was found to be the case [8] . Behavioral analyses with migrants and homing pigeons using monochromatic lights showed that the avian magnetic compass depends on the wavelengths of light; it normally requires light from the blue-to-green part of the visual spectrum to provide birds with directional information ([9-11], see [12] for review). However, these studies also revealed a surprising dependency of magnetic orientation on the intensity of monochromatic light. Normal orientation was observed only under a low quantal flux in the range of 6 to 9·10 15 quanta m −2 s −1 , i.e., at low light intensities found in nature more than half an hour after sunset or before sunrise. Light of identical spectral composition presented at 7-fold higher intensities elicited odd responses such as axial behavior or unimodal preferences that no longer coincided with the natural migratory direction [2, 13, 14] . This seemed to indicate that the avian magnetic compass was no longer working properly under these conditions.
The present study is a detailed analysis of the orientation responses under 502 nm turquoise light, a wavelength in the middle of the blue-to-green range of the spectrum. Migratory European robins, Erithacus rubecula (Turdidae), were tested during spring and autumn migration at two light levels, at 8·10 15 [13] for discussion). Tested in a magnetic field with the vertical component inverted, the birds did not reverse their preferences and continued to head northward, in contrast to their behavior under the lower light level. In a magnetic field with the horizontal component reversed, however, they altered their headings accordingly. This clearly shows that the observed fixed direction depends on the direction of the ambient magnetic field, yet without involving the inclination compass. Instead, it appears to be a response based on the polarity of the magnetic field.
Seasonal Changes and Use of Inclination Compass

Testing for the Involvement of Radical Pair Processes
Responses to magnetic polarity are highly unusual in birds and raise the question about the mechanisms involved. We therefore tested the robins under turquoise light of both intensities in an oscillating magnetic field. In the present study, we used the same weak 0.085 T broad-band oscillating field ranging from 0.1 to 10 MHz that had disrupted migratory orientation in a previous study [ The earlier tests in high-frequency fields [4, 7] had indicated a radical pair mechanism, yet without allowing us to distinguish whether the affected radical pair process was part of the compass system itself or instead part of another biochemical pathway also involved in orientation behavior. The different effects on the two types of responses in the present study now enable us to further narrow down the affected process: if oscillating magnetic fields interfered with a radical pair mechanism outside of the magnetic compass system, one would have expected disorientation in both types of response. The observation that only the inclination compass response was affected conclusively shows that a radical pair process is indeed part of this compass mechanism.
Fixed Direction Responses
Under 502 nm turquoise light of identical spectral composition, but with about 7 times the intensity, the birds oriented with the help of the magnetic field in a fundamentally different way. In spring, the observed fixed direction coincides with the migratory direction, but this seems to be pure chance-the autumn data clearly show that it is independent of the physiological state, and with this, from the migration course of spring or autumn migration. When birds are physiologically in migratory mood, their urge to head in the migratory direction is very strong; the observed fixed direction response implies that the birds could no longer locate their migratory direction under these conditions. This means that monochromatic light at higher intensity disrupts the mechanism providing compass information and instead seems to force a certain heading upon the birds. This response is possibly related to magnetic alignment responses [13] , i.e., specific orientations with respect to the magnetic field quasi forced upon animals by external stimuli, with a prominent example provided by the dancing of honey bees along the magnetic north-south and east-west axes on a horizontal comb in the absence of directing visual stimuli [18] (see [5] for details and more examples).
This phenomenon is hard to explain. With 54·10 15 quanta m −2 s −1 , the "bright" light was not extremely bright-in nature, this intensity occurs about half an hour after sunset or before sunrise. Even considering that the test light is monochromatic, the intensity of the respective spectral band is found on a clear day about 20 min after sunset or before sunrise; our "bright" light thus remains powers of ten below the intensity observed in the corresponding spectral band on a bright sunny day. In view of this, saturation of the receptors can be largely excluded. Considering that birds are well oriented in migratory or home direction under "white" light of much higher intensity than our "bright" turquoise light in nature or in tests (e.g., [6, 19, 20] ), it becomes obvious that it is the monochromatic nature of the test light rather than its absolute intensity that interferes with the magnetic compass. We do not know how many receptors are involved in magnetoreception-there is evidence that there are at least two types [20] -yet it seems possible that the unnatural condition of a narrow band of "bright" monochromatic light may cause a large imbalance between the input of different receptors at a higher level, with one or two receptors indicating bright light, while others are not activated at all. This appears to lead to a situation that drives the system detecting magnetic directions beyond its functional limits, eliciting a different type of response.
Another most puzzling observation is that the fixed direction response was not affected by the weak highfrequency field, indicating that the underlying mechanism differs from the radical pair process on which the normal inclination compass is based. Our findings cannot altogether exclude radical pair processes, but would allow for another, less sensitive mechanism requiring stronger oscillating fields to be disrupted. The main problem in arguing for a second radical-pair mechanism, however, is that it is difficult to reconcile with a response based on magnetic polarity without further ad hoc assumptions. [28] [29] [30] studies indicate that magnetitebased receptors in birds mediate information on magnetic intensity to be used in the navigational "map" rather than compass information. Since details on the magnetite-based receptors are not yet known, it cannot be totally excluded that they additionally provide directional information; yet this possibility is not supported by experimental evidence so far. Similar magnetitebased receptors in trout also seem to mediate intensity information rather than magnetic directions [31, 32] . Interestingly, a behavior that might represent a parallel case to the response of our birds under bright monochromatic light has been reported from amphibians, the other group of animals using a light-dependent magnetic compass [33] . After certain pretreatments, salamanders showed an axial preference that roughly coincided with the magnetic north-south axis under light of similar quantal flux, with this responses discussed to be an alignment based on tiny magnetite particles in the heads of the animals [34] .
In case of our birds, however, a magnetite-based explanation for the fixed direction response to magnetic polarity meets with difficulties. A northern tendency, roughly symmetrical to the polarity of the magnetic field, would be conceivable on the basis of yet unknown, normally not used directional information from a magnetite-based system, yet this tendency under 54·10 15 
Conclusions
Magnetoreception is a highly complex issue, with different magnetoreception mechanisms indicated in different animal groups [36] . So it is unclear to what extent our findings might be specific for the magnetoreception system of birds and to what extent they can be transferred to other animals.
Birds show two types of light-dependent responses to magnetic fields. One is based on radical pair processes and constitutes an inclination compass that provides normal directional information for navigational tasks like locating the migratory direction [3] , the home direction [6] , or other courses. The other type of response is based on a fundamentally different mechanism and seems to come into control under light regimes where the inclination compass is no longer properly working. To discover its nature is a great challenge for future research. 
Experimental Procedures Test Birds and Housing Conditions
Test Cages and Light Conditions:
The headings of the robins were recorded with our standard technique, using funnel-shaped cages lined with coated paper where the birds left scratches as they moved (for a detailed description, see [ 
Magnetic Conditions
The test rooms were wooden huts in the garden near the Institute where the local geomagnetic field (46 T, 66°inclination) was undisturbed. The altered static fields were produced with the help of large Helmholtz coils, changing only the direction, but not the intensity, of the ambient magnetic field. The broad-band oscillating field (frequencies ranging from 0.1 to 10 MHz, intensity 0.085 T) was produced by a coil antenna consisting of a single winding of coaxial cable with 2 cm of the screening removed opposite the feed. It was mounted on a wooden frame, placed horizontally, surrounding a group of four test cages. For details of the equipment used, see [4] .
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